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ABSTRACT

Ambient measurements suggest that source inventories of PM10 from geologic sources are
overestimated by 50 percent or more. This discrepancy may be due to inaccurate emission
calculations and/or due to the rapid deposition of PM10 after entrainment into the atmosphere. A
two-wavelength scanning backscatter lidar was used to investigate PM10 deposition rates from
artificially generated fugitive dust. Dust was generated by vehicles on unpaved roads and from a
blower fan, which is used to disperse known amounts of finely ground calcium carbonate or
native soils. The size and concentration of the resulting dust plumes were monitored for up to a
half-hour and a distance of several kilometers. The changes in these dust plumes’ characteristics
with time are depicted using a lidar to measure the relationship between backscatter and
extinction at two wavelengths. An outdoor test chamber was prepared and used to examine the
particulate size distribution and optical scattering properties of several different natural dust
types and different preparations of powdered CaCO3 samples under controlled conditions.  These
same materials were used to generate plumes for open atmosphere tests. Backscatter and
extinction values calculated from models, based upon Mie theory for spherical particles, are
compared to actual signals. These models show the dependance of optical backscatter and
extinction upon the size, number density and refractive index of the particles. Thus, simultaneous
measurements of the backscatter and extinction at two different wavelengths permitted the
examination of settling rates of dust particles as a function of size. The larger particles, which
contain most of the  PM mass, settle out of the air fairly quickly, however, the fine particles
contribute primarily to the backscatter, and remain suspended much longer. The results suggest
that rapid deposition of PM10 particles, and the relatively longer residence time of the optical
plume associated with small particles (< 2:), may have led to overestimates of airborne particle
mass in plumes.

INTRODUCTION

The objective of this project is to attempt to understand and define the differences
between the measured and modeled concentrations of airborne dust carried in plumes from
various sources.  The amount of dust observed in particle mass measured downwind from a
source region has been found to be much less than models of the injection and distribution would
indicate.  The results from the two measurement campaigns accomplished under this program
during December 2000 and December 2001 have been analyzed and continue to hold our interest
for investigations of the dynamical processes occurring in the planetary boundary layer.  The
preliminary results from the experiments conducted in December 2000 were presented last year.1

The interpretations and conclusions gained from the analysis of the results are discussed



and example results that support the interpretations and conclusions are presented.  The basic
finding is that by combining measurements of the backscatter and extinction from the lidar with
simple models demonstrates that the mass, represented primarily by the larger particles, settles
out of a dust plume rapidly and results in a rapid decrease in optical extinction.  The small
particle fraction provides most of the optical backscatter and thus a plume carrying a very small
amount of mass is still observed in backscatter for an extended period of time.  This factor can be
misleading and leads to an incorrect conclusion that the particle mass remains suspended for
longer and is transported further than is actually the case.  The simultaneous measurements of
backscatter and extinction provide the clue that the model calculations of settling times must be
reconsidered.  Since the settling models are based upon flow calculations, the result raises the
question about what factors may contribute to a faster settling rate for the larger particles.  One
contributing  factor could be the Stokes velocity enhanced by turbulent motion associated with
the heavier particles. A turbulent motion enhancement of the migration velocity for heavier
particles would result in faster settling than in a stable layer.  In the normal surface layer,
turbulence cells are present from generation by wind shears and by turbulent convection from
surface heating.

Geologic material is a major component of the airborne particulate matter in the western
United States. Airborne particulate matter is an air quality concern because:

C Recent studies have associated increases in airborne particulate matter with
increased morbidity and mortality, particularly in elderly and respiratory impaired
individuals2, 3, 4.

C Reduced visibility due to airborne particulate matter has both degraded the
aesthetic beauty of natural views and affects activities such as the scheduled
operation of air traffic.

C The changes in suspended airborne particulate matter alter the optical properties
of the atmosphere and may impact the radiative energy balance of the Earth’s
environment.

Source inventories for PM10 and PM2.5 show that geologic dust should contribute approximately
50% of the PM2.5 in the western United States. Ambient measurements show that material of
geologic origin typically contribute approximately 10% to the mass concentration5. There are
several potential reasons for this discrepancy, the primary ones being inaccurate algorithms and
data to calculate emission inventories and uncertainties of the lifetime of PM in the atmosphere.

Our primary objective is to characterize the fate (deposition and transport) of PM
emissions originating from mechanical disturbance of the soil. The results from the
measurements will be used to validate the accuracy of the algorithms used to determine emission
inventories from such sources. The study focuses on PM from unpaved roads and agricultural
tilling. The tests also include artificially generated dust clouds of material of known size
distribution to provide a validation of the analysis of the optical scattering properties and the
algorithms for deposition of airborne particulate matter. The results allow a more accurate
assessment of such fugitive dust sources to the regional PM concentrations. These assessments
should then aid the formulation of cost-effective PM control strategies.

The work was done in a test area where the generation conditions were controlled and
where backscatter lidar could be safely used in the scanning mode to characterize the distribution
of particulate matter. Tests were conducted by generating PM emissions to simulate emissions
from vehicular travel on dirt roads and soil tilling operations. A series of individual test runs was
conducted with data collected from real-time measurement methods. During several of these test
runs, in addition to the real-time measurements, time-integrated samples were collected.



RESEARCH APPROACH

The study was conducted at the University of California, Riverside, Agricultural Field
Station in Moreno Valley, CA. The 720 acre facility is relatively level, except for some raised
(~10 feet) dirt roads that run between some of the fields. There were no significant sources of PM
around the facility. The project team coordinated with the UCR field site staff regarding any
planned field plowing to avoid that activity during periods that tests were performed. The
prevailing daytime winds were expected to be from the west during December. 

A background meteorological station measuring wind speed (WS), wind direction (WD),
temperature (T) and dew point (DP) was also located at this site. The meteorological tower
provided wind speed and direction at 2, 5, and 10 meters, temperature measurements at 2 and 10
meters, and net radiation measurements at 1.5 meters. The signals from the meteorological
sensors were scanned once per second by a Campbell CR10X data logger and processed into ten-
second averages. 
 

The SESI scanning micro-pulse lidar (MPL) was located 153 meters upwind of the main
dust generator during the pilot study in December 2000 and 500 to 800 meters away from the
plume generation region during the December 2001 measurement program. The lidar provided
the backscatter signal profiles at two wavelengths (523 and 1047 nm) and has several features
that make it the ideal instrument for mapping the dust clouds to be generated in this program.
The instrument has a scanning platform, which can be used to provide a mapping of the airborne
particulate matter. The instrument is eye-safe but maintains high sensitivity by using high
average power, obtained from operating at a high pulse repetition frequency (prf), and expansion
of the beam to produce lower energy flux per unit area. The MPL measures the backscatter signal
profiles at 1047 nm in the near infrared (NIR) and 523 nm in the mid-visible spectrum. These
wavelengths are most sensitive to scattering from particle sizes in the size range near 1 :, and
they are separated sufficiently to provide some sensitivity to changes in fine particle size
distributions. The lidar results were obtained by simultaneously integrating the signal returns for
2 seconds in range bins that are 33 meters in length for each of the wavelengths.

During the open atmosphere testing, a high-resolution digital video camera (Sony Digital
DCR-VX700) was mechanically coupled to the lidar to document the distribution of the dust
generated and to verify the lidar pointing direction. Images were taken at each scanning position
by the camera mounted on the top of the lidar to follow the path of the laser beam and provide a
clear picture of the area being scanned. The scanning lidar with the camera was located upwind
of the generation point. The scan covered the region about 10-20° on either side of the centerline
between the location of the lidar and the generation point. An inclinometer was mounted on the
lidar to measure the elevation angle.

Open atmosphere measurements were obtained during both measurement programs using
a blower to generate plume puffs from soil and from calcium carbonate dust, and by using a
vehicle (truck or tractor) to generate off-road dust as shown in Figure 1. The blower device for
generating dust puffs used a 5 horsepower centrifugal blower. During the pilot study in 2000,
limited testing was carried out using calcium carbonate (~10 :m size) and a fogger (propylene
glycol) of the type used to provide special effects for the film industry. The December 2001 tests
used many different sizes of CaCO3 dust and sifted soil types from several locations; including
the local field, soil from California locations of Shafter, Westside and Kearney, as well as
standard Arizona Road Dust. During the 2001 campaign, an additional type of measurement was



undertaken using a test volume where particle concentrations could be measured using a
controlled 10-meter chamber, as shown in Figure 2. The 10-meter chamber was setup about 630
meters from the lidar instrument and aligned so that the beam could pass through the chamber. A
target board was setup beyond the chamber at a range of 700 meters. The beam is about 25 cm in
diameter and could pass though the chamber without any scattering from the chamber walls. The
three DustTrak instruments, with a 10: orifice, were used to monitor the particle concentration at
the front, middle and back end of the chamber with a two second resolution.  The Climet particle
spectrometer (0.3 - 20 microns) monitored the particles at the middle of the chamber, near the
location where the sample was blown into the chamber.

The procedure for measurements in the chamber was to close the ends of the chamber,
turn on the three fans located inside and then inject the dust.  After one minute, the ends of the
chamber were opened, fans turned off, and the laser beam measurements commenced. The upper
panel in Figure 3 displays the raw signal from the lidar during the tests #10 - #12. The chamber
and target board results are taken from the 19th and 21st range bins of the lidar corresponding to
ranges of about 630 and 700 meters, respectively.  

RESULTS

Only a small sample of the results obtained can be included in this paper.  We have
chosen to use a set of chamber tests and open air tests performed during the second test in
December 2001 as an example of the type on measurements obtained.  The measurement record
for chamber tests on19 December 2001 is summarized in Table 1.  Figure 3 shows the raw lidar
returns from the chamber and the target board and the signals from the DustTrak for the 0.7:
CaCO3 tests #10 (50 mg), #11 (200 mg) and #12 (800 mg) on 19 December 2001. The
measurements in Figure 3 from the Lidar and DustTrak show the signals change as the amount of
material in the sample increases, 50, 200 and 800 mg, however the 50 mg signal is so small that
those results are not very useful.  

The upper panel of Figure 3 shows the signal return from the closed end on the chamber
near 05:44, 05:50 and 05:55.  When the chamber is opened, the lidar return from the dust in the
chamber and the target board are observed.  Since the chamber is only 10 meters in length
(corresponding to only 1/3 of one range bin), the extinction signal is relatively weak and the hard
target return is the only practical way to observe any extinction signal.  Examination of the
signals of the target board return shows that the extinction corresponding to the dust path can be
detected.  For example, the upper panel of Figure 3 at 05:51 (test #11) shows an extinction signal
corresponding to the same time as the larger return from the backscatter signal.  The lower panel
of Figure 3 shows the three DustTrak measurements (front, middle and back of chamber)
together with the lidar signal return, which has been normalized to “1” by using measurements of
the clear atmospheric path before the test.  The lidar signal in the chamber is high before opening
due to the back scatter from a white card placed on the front of the chamber.  The backscatter
from the dust is observed in the lidar return when the path is open but the concentration within
the chamber volume is not sufficient to observe any path extinction on the atmospheric path.  A
comparison of these three tests (#10 - #12) shows some difference in the settling rate of the dust
that is probably due to the fans not being turned off exactly at the same time in this case. The
increase in signals with increasing sample size is easily observed.  During a measurement period
when the Climet spectrum was obtained (1 minute), the DustTrak data (obtained with a two
second step) was averaged and compared with the integrated value of particles less than 10 :
reported by the Climet instrument. The comparison was quite good, but these instruments are
only capable of measuring particles less than 20 : (Climet) and 10 : (DustTrak).



The particle size spectrum from the Climet instrument of the 0.7 : CaCO3 sample is
shown in Figure 4. A two component log-normal distribution has been fit to the measured
spectrum. The particle size spectra of the various CaCO3 crush samples measured on 19
December 2001 are shown in Figure 5 from the tests using the 200 mg samples.  It is apparent
that the 0.7 : sample is an anomaly in the set because the concentration is observed to be so
small.  The concentration measured is also observed in the DustTrak results which show
excellent agreement for the integrated mass density of particles less than 10:. We have
concluded that the lower particle concentration observed in the 0.7 : tests is due to the loss of the
small particles adhering to the plywood sides of the chamber, and thus being immediately lost
from the volume as the circulating fans distributed the sample in the chamber.  Examination of
Figure 5 does show that the relative signal does change as expected for the other size
distributions measured.  The measurements of the 0.7 : sample shown in Figure 5 are shown in
Figure 6 converted to mass density and number density.  We will use the particle spectrum
shown in Figure 6 to calculate the expected optical signal and examine the case as the larger
particle sizes are removed from the distribution in an analysis described at the end of this report. 

The results shown in Figure 7 provide the Climet particle spectra for the several types of
soils measured during the chamber tests.  Soil samples included local sifted field soil and soil
samples from several California sites, including Shafter, Westside and Kearney locations.  In
addition, the results from 2 and 10 : samples of CaCO3 and a standard of Arizona Road Dust
were measured, and the results are shown in Figure 7.  It is obvious that the CaCO3 samples
contain a larger relative concentration of the smaller particles than do the soil samples.  Also the
Arizona Road Dust contains a larger fraction of small particles than any of the other soil samples. 

The open field tests of these samples were conducted by generating sample puffs using
the blower generator.  In Figure 8, the time sequences of the lidar measured backscatter peak
values and the integrated extinction through the cloud are shown for Test #44, which is a 600 g
sample of 0.7 : CaCO3.  This plot shows the ratio of the signals relative to the background
atmospheric path prior to the test. The interesting thing to note is that the backscatter signal
remains high for quite a long time after the extinction signal has returned to pretest levels. The
fact that there is such a large difference in the residence time for particles in the size range
between 1 and 10 : is recognized from the expected settling velocity shown in Figure 9.

Figure 10 shows a typical experiment depicting the generation of a dust cloud using the
digital video camera mounted on top of the lidar instrument. The dust generation equipment was
located at ranges from 150 to 800 meters in various test scenarios. The lidar was used to either
point at the center of the plume, as in the results of Figure 8, or was scanned automatically to
make a horizontal cut through the test volume, and the elevation angle could be adjusted
manually. Using the scanning lidar, the plumes were generally tracked out to 1.5 km along the
path and on radials, which were set to sweep up to ±30º horizontally. The plumes probably could
have been tracked much longer, at least along some radials (up to the lidar’s maximum range of
20-30 km). Because it was more desirable to obtain data over shorter ranges, plume tracking
generally stoped when the plume drifted to ranges greater than about 1.5 km.

A simple model calculation based upon the scattering theory for spherical particles by
Gustov Mie has been used to simulate first order effects observed. Mie theory calculations
provide the scattering angle dependence for spherical particles with various indices of
refraction.6, 7 While the dust scattering studied in these experiments cannot be described as
associated with spherical particles, it still provides a useful comparison of the scattering
properties. In particular, the Mie theory results should provide accurate results for the smaller



particles, where shape is less important, and the relationship between the forward and backward
scatter intensities (extinction and backscatter) should provide useful insight for this investigation.
The theory also provides information on the variations in the absorption of the particles due to
their complex index of refraction. The Mie scattering theory used for this investigation is a
straightforward application of the scattering intensity in the two polarization planes that comes
directly from electromagnetic theory, and all of the applications here use only the 0o and 180o

scattering intensity. Figure 11 shows model calculations of visible and NIR backscatter and
extinction for several mono-disbursed particle diameters and for a range of particle
concentrations. The calculation simulates a 200-meter-thick uniform dust cloud and calculates
values at 30-meter intervals (same as the bin size of the lidar result). The figure shows the
differences in backscatter and extinction signals as the density and size of particles is changed. It
is important to notice that the extinction only depends on the concentration and size of particles
and weakly on the wavelength of absorption. However, the backscatter does depend strongly on
the wavelength. The calculations shown in Figure 11 demonstrate that the backscatter intensity
and the extinction depend on the particle size. The relatively larger backscatter for the NIR
wavelength is expected based upon the fact that the longer wavelength allows the particles to
remain longer in the Rayleigh scattering range, where the cross-section dependence (r6 ~ 26 = 64)
results in increased scattering. Increasing the particle size increases the backscatter up to the
point where the scattering loss results in an optical thickness that reduces the backscatter signal.
The value of using the results from the mono-disbursed distribution of particles depicted in
Figure 11 is limited because real particle distributions always contain a significant range of
particle sizes.  However the same calculations can be carried out for a range of particles sizes, as
shown in the following example.

The laser signal strength is attenuated after passing the dust cloud, see Figure 12. By
comparing with the backscatter signal before the dust was generated, the signal strength starts
increasing at the front edge of dust plume and forms a peak in the center of cloud. The
backscatter coefficient can be estimated from the peak’s magnitude. After the laser beam passes
through the cloud, there is a sudden drop of backscatter signal due to the attenuation of the laser
beam. The extinction coefficient can be estimated by the attenuation amount, which is the signal
drop after the laser signal passing through the dust plume. If we assume the dust particles inside
the cloud are uniform and spherical, a certain relationship should exist between the values of
backscatter and extinction coefficients that correspond to a dust plume with given set of particle
sizes. This will allow us to simulate the laser backscatter profile passing through the cloud and
specify the dust particle size and density from the analysis of the simulation.

Figure 12 shows one example from the 19 December 2001 test (#44) for the case of 0.7
:m calcium carbonate cloud containing 600 grams of material. Notice that the magnitude of the
backscatter and extinction are similar to the values that would be expected from the simulation
shown in Figure 11(a). After release, the backscatter signal does not change very much during the
next two minutes (4 profiles) while the extinction is observed to recover. This point is even better
observed in the presentation of the same results in Figure 8. The small particles in the sample
material are sufficiently small that the settling time is slow, however the rapid recovery of the
extinction is observed as the larger dust particles settle out of the sample.

The model calculations, shown in Figure 13, depict the backscatter and extinction which
would be expected for the sample of 0.7 : CaCO3 particles represented in Figure 6, which shows
the particle size spectrum for this material. The calculations shown in Figure 13 represent the
changes which are expected to occur as the particles larger than a certain size are removed.  The



particle distribution shown in Figure 6 is truncated for particles greater than selected sizes to
calculate the optical properties.  The calculation is intended to represent the changes that would
be expected for the case of larger particles settling from the distribution.  It is interesting to see
that this simple calculation does have many similarities to the results shown in Figure 12.  The
magnitude of the backscatter and extinction calculated from the particle size spectrum does agree
well with the measured lidar profiles. The changes in the backscatter and extinction calculated
from truncating the particle spectrum agree quite well with the time sequence of measured
profiles.  These comparisons show that the relative changes in the backscatter and extinction
profiles are representative of the settling of larger particles from the airborne sample.

The experimental backscatter and extinction measurements can now be examined in the
context of the simulation calculations. Progress has been made on the more difficult task of using
the field measurements to solve the inverse problem and describe the particulate matter
properties from the scattering profiles. Our goal is to describe size and distribution of the
airborne PM and to show the variation in the settling rate of the particulate matter from various
sources. The analysis is aimed at developing the inversion algorithm for fully describing the
changes in particle size within the generated dust clouds.

CONCLUSIONS

Optical scattering measurements using lidar have been examined for each of the several
tests using native soils and sized calcium carbonate samples to generate dust plumes, and some
examples of these results are presented here. A set of measurements has been obtained using a
10-meter chamber to simultaneously measure the optical scattering properties with a lidar and
with measurements of the particle density and size distribution. The model calculations show that
extinction is more dependent on larger particle sizes. Based on the analysis of results obtained,
the settling rates of the larger particle component result in reduction in the optical extinction
prior to the decrease in backscatter signals, which are dependant on the scattering from a larger
number of smaller particles. The analysis and interpretation from the data collected on fugitive
dust of various types will be carried out using the lidar data obtained. The preliminary conclusion
is that the rapid settling rate of the larger particles results in the lower quantity of fugitive dust as
a fraction of emission inventory. The backscatter signals from small particles, which have a
longer residence time, result in a much longer apparent residence time of airborne fugitive dust,
however, the observed plume may not carry a significant fraction of particle mass.  The data will
be used to critically examine the settling rates for the various particle sizes.  Even though the
aerodynamic settling velocity of the airborne particles through the atmosphere has been studied
for many years, the additional effects from turbulence generated by surface wind shear and by
convection may also change the residence times expected for various particle sizes.
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Table 1. Tests, which were conducted 19 December 2003 using a test chamber (#1 - #37) and
open atmosphere puffs (#38 - #55), were followed by several tests on dust generated by a
plowing tractor.
Test  Material       Amount  Size
#1 CaCO3 50 mg 0.7 :
#2 CaCO3 200 mg 0.7 :
#3 CaCO3 800 mg 0.7 :
#4 CaCO3 50 mg 2 :
#5 CaCO3 200 mg 2 :
#6 CaCO3 800 mg 2 :
#7 CaCO3 50 mg 4 :
#8 CaCO3 200 mg 4 :
#9 CaCO3 800 mg 4 :
#10 CaCO3 50 mg 10 : 
#11 CaCO3 200 mg 10 : 
#12 CaCO3 800 mg 10 : 
#13 CaCO3 50 mg 15 :
#14 CaCO3 200 mg 15 :
#15 CaCO3 800 mg 15 :
#16 Az Road dust 50 mg
#17 Az Road dust 200 mg
#18 Az Road dust 800 mg
#19 UCR dust 50 mg < 425 :
#20 UCR dust 200 mg < 425 :
#21 UCR dust 800 mg < 425 :
#22 Kearney 50 mg
#23 Kearney 200 mg
#24 Kearney 800 mg
#25 Kearney 3.2 g
#26 Westside 50 mg
#27 Westside 200 mg

#28 Westside 800 mg
#29 Westside 3.2 g
#30 Shafter 200 mg
#31 Shafter 800 mg
#32 Shafter 3.2 g
#33 CaCO3 50 mg 0.7 :
#34 CaCO3 200 mg 0.7 :
#35 CaCO3 800 mg 0.7 :
#36 CaCO3 50 mg 2 :
#37 CaCO3 200 mg 2 :
#38 CaCO3 300 g 4 :
#39 CaCO3 300 g 75 :
#40 Kearney 300 g < 425 :
#41 Kearney 1.5kg < 425 :
#42 CaCO3 600 g 0.7 :
#43 CaCO3 600 g 10 :
#44 CaCO3 600 g 0.7 :
#45 CaCO3 600 g 4 :
#46 CaCO3 mix 600 g 300g@4:m

300g@15:m
#47 CaCO3 600 g 15 :
#48 Shafter 600 g < 70 :
#49 CaCO3 600 g 15 :
#50 CaCO3 600 g 100 :
#51 CaCO3 600 g 200 :
#52 CaCO3 600 g 100 :
#53 CaCO3 600 g 4 :
#54 Westside 900 g < 425 :
#55 Westside 900 g < 425 :



 

(a)

(b)

(c)

Figure 1.  Open air generation of dust plumes: (a) blower used to generate plume of dust from
sifted soil, (b) blower generated plume of CaCO3, (c) dust plume from a tractor plowing.



Figure 2.  Chamber was used to generate and measure
a controlled sample (clockwise views): (a) Front (west)
and north sides of test chamber where samples are
injected and measurements made, the chamber is
shown with instrumented meteorological tower, (b)
DustTrak optical scatter instruments (10 : size orifice)
and Climet particle spectrometer (16 channels - 0.5 to
10 :), (c) View of lidar from back of chamber at range
of 450 meters thru the chamber (notice fans used to
circulate the sample), (d) View of the east side of 10-
meter chamber.



Figure 3.  The chamber test measurements from Tests #10, #11 and #12 are shown.  Upper panel
shows the raw signal returns from the lidar at the range intervals corresponding to the chamber
and the target board.  The lower panel shows the signal from the DustTrak instruments and the
normalized lidar return.



Figure 4.  The log-normal distributions for a two components are fit to the Climet instrument
measured curve for the 0.7 : sample of CaCO3.

Figure 5.  The Climet spectrum of the particle counts versus particle size for the several samples
of CaCO3 power that were used during the testing. Notice that the 0.7 : case is an anomaly (see
text) and the other samples do show a change that agrees with the increasing size of the samples.



Figure 6.  The Climet spectrum for the 0.7 : sample of the CaCO3 dust is shown for the
measurements in Figure 5 converted to number density and to mass density.

Figure 7.  The Climet particle size spectra for the several different types of soil and powder used
during the test are compared.



Figure 8. The open air time sequence of the lidar backscatter peak values and extinction values
are shown for profiles of Test #44 on 19 December 2001 for the 0.7 : CaCO3 600 g sample.

Figure 9.  The expected settling velocity versus particle diameter from standard text.



T+1 sec T+30 sec

T+60 sec T+90 sec

Figure 10. Example of a puff plume of local soil that is tracked by scanning lidar.

Figure 11.  The calculations of the optical scattering properties expected for different size and
density of particles are shown for the two wavelengths.



Figure 12.  The results from Test #44 on 19 December 2001 show several of the lidar profiles
that show the time variation in the backscatter and the extinction measured by the lidar.  These
range profiles are from the same data set that is shown in Figure 8.

Figure 13.  The results from a calculation of the backscatter and extinction expected when one
sequentially removes the larger end of the spectrum of the scattering particles.  The calculation is
performed for the spectrum shown in Figure 6 and corresponds to the measurements shown in
Figure 12.


